MicroRNAs (miRNAs) constitute a critically important class of non-translated, small RNAs, which post-transcriptionally regulate gene expression via one of the multiple mechanisms. To profile miRNA expression, microarrays have been extensively applied to the high-throughput detection of miRNAs. Here, we described a novel 3 0 -end miRNA-labeling method for microarray detection by terminal-deoxynucleotidyl transferase (TdT). TdT can catalyze the formation of polynucleotides at RNA receptor molecule with deoxycytidine triphosphate (dCTP). Using this activity, miRNA was successfully labeled by adding fluorescence dCTPs to its 3 0 -end. This labeling method was very simple and sensitive. The TdT-labeling method can detect as little as 0.04 fmol of synthetic small RNA, and produce precise and accurate measurements that span a linear dynamic range from 0.04 to 5 fmol of synthetic small RNA. The high consistency of miRNA expression data between our TdT method and real-time polymerase chain reaction analysis indicated the reliability and accuracy of the TdT method. Taken together, these results emphasize the immense potential application of the TdT-labeling method for sensitive and highthroughput microarray analysis of miRNA expression.
Introduction
MicroRNAs (miRNAs) are a class of small single-stranded non-coding RNAs found in organisms ranging from nematodes to plants to humans. Thousands of miRNAs have now been identified and shown to play key roles in many transformative biological processes, including tissue development [1] [2] [3] , stem cell differentiation [4, 5] , and disease development [6] [7] [8] . Given the prominent role that miRNAs play in 'normal' gene expression and organismal function, it is not surprising that the aberrant expression of miRNAs can lead to a wide range of human diseases and disorders. So far, several main techniques for detecting and analyzing miRNA expression, such as northern blotting, real-time reverse transcriptase polymerase chain reaction (PCR), cloning, and microarrays, have been developed [9, 10] . Among these techniques, microarrays offer an ideal method for high-throughput, multiplex miRNA gene expression analyses in tissues and cells. However, owing to their short size, miRNAs present unique challenges that make them more difficult to analyze than mRNAs by microarray. Popular methods of RNA labeling for conventional mRNA transcript profiling cannot be seamlessly adapted in miRNA microarray. Several direct and indirect labeling methods for miRNA detection by microarray were reported in the past few years [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In view of the extremely small size of miRNAs, direct labeling of miRNA molecules might be more advantageous. Even though there are several methods for direct labeling of miRNAs, direct enzymatic labeling of the mature miRNAs has often been used. T4 RNA ligase was used to attach one or two fluorophore-labeled nucleotides to the 3 0 -end of each miRNA [22, 23] . To minimize the interference of structure and sequence differences among miRNAs, Wang et al. [23] introduced dimethylsulfoxide (DMSO), an effective RNA denaturant, into the reaction solution, and found that up to 20% DMSO stimulated T4 RNA ligase activity. PolyA polymerase (PAP) was commonly used to add a polyA tail at 3 0 -end of RNAs for labeling and cloning unknown RNA. Shingara et al. [20] tailed miRNAs at 3 0 -end by PAP. The 3 0 -tail is a mixture of standard and aminemodified nucleotides, and tailed miRNAs can subsequently be labeled with any mono-reactive N-Hydroxysuccinimide (NHS)-ester dyes, such as Cy3 and Cy5. As more than one fluorescent dye molecules were attached to each miRNA, the detection sensitivity was greatly enhanced.
Here, we described a novel 3 0 -end-labeling method for miRNA by terminal deoxynucleotidyl transferase (TdT).
TdT is a DNA polymerase enzyme expressed in certain populations of lymphoid cells. TdT is capable of catalyzing the elongation of a DNA strand by the repetitive addition of deoxyribonucleotides to the 3 0 -OH of DNA molecules without a template. TdT is often used to label DNA probes for rapid amplification of cDNA ends, TdT deoxyuridine triphosphate (dUTP) nick-end-labeling assays, and as a method for adding 3 0 -overhangs to DNA fragments to facilitate cloning. TdT can also be used to label the 3 0 -end of DNA probes with radioactive and non-radioactive tags for a variety of detection and affinity applications. For example, addition of biotin-11-UTP to the 3 0 -end of complementary DNA probes by TdT is an effective way of creating probes for use in non-radioactive electromobility shift assays and DNA pull-down assays. However, it also has a corresponding activity with RNA as an acceptor molecule, although this activity varies from the tertiary structure of acceptor RNA 3 0 -end and the nature of nucleotide [24] . However, there was no such application by TdT on miRNA labeling for microarray detection. In this study, we screened the performance of adding various nucleotides to small RNA receptor by TdT, and found that TdT could effectively catalyze the addition of deoxycytidine triphosphate (dCTP) to the RNA molecule. Therefore, we successfully labeled miRNA at 3 0 -end by TdT and applied it to miRNA detection on micoarray. Our results showed that this method allowed a highly detection sensitivity and accuracy for miRNA analysis by microarray.
Materials and Methods
Small RNA isolation DU145 and PC-3 cells were cultured in Dulbecco's modified Eagle medium/F12 medium supplemented with 10% fetal bovine serum. LNCaP cell was maintained in RPMI 1640 medium with 10% fetal bovine serum. Total RNA was isolated by TRizol reagent (Invitrogen, Carlsbad, USA). Total RNA (10 mg) was separated on a 15% denaturing polyacrylamide gel. Gel slides containing small RNAs of 18 -26 nt were excised and eluted in water overnight. Eluted small RNA was precipitated by 2.5 volumes of ethanol plus 10 mg/ml linear acrylamide (Ambion, Austin, USA) and was re-suspended in 10 ml of RNase-free water.
RNA-tailing assay by TdT and PAP Synthetic RNAs (Takara, Shiga, Japan) were resuspended in RNase-free water at a concentration of 20 mM. A total of 20 pmol of RNA1 was 5 0 -labeled by T4 polynucleotide kinase (Fermentas, Vilnius, Lithuania) with g-32 P ATP. 5 0 -Phosphorylated labeled RNA1 (1 pmol) was used for tailing assay per reaction in TdT (NEB, Ipswich, USA) and PAP (USB, Cleveland, USA). The TdT reaction: 2 ml of 10Â TdT buffer, 1 pmol phosphorylated labeled RNA1, 2 ml of 2.5 mM CoCl 2 , 1 ml of 1 mM various nucletides, 0.5 U terminal transferase, and RNase-free water to a final volume of 20 ml. The PAP reaction: 4 ml 5 Â poly(A) polymerase buffer, 1 pmol phosphorylated labeled RNA1, 1 ml of 1 mM of various nucletides, 600 U yeast poly(A) polymerase, and RNase-free water to a final volume of 20 ml. These reaction mixtures were incubated at 378C for 20 min. The reactions were terminated by adding equal volume of 2 Â RNA loading buffer and heating at 708C for 5 min. The tailed RNA was resolved on a 15% denaturing polyacrylamide gel. The gel was dried and exposed to a phosphorimager (Amersham, Piscataway, USA).
Microarray method
The 3 0 -C6-amino-modified antisense probes (Invitrogen) with 10 deoxyadenosines spacer at 3 0 -end were listed in Table 1 . The probes were dissolved in printing buffer [2 Â SSC/1 M betaine hydrochloride/5% formamide/0.01% sodium dodecyl sulfate (SDS), pH 8.5] at the concentration of 20 mM, and then printed onto the epoxy-coated slides with PixSys 5500 spotting robot (Cartesian Technology, Irvine, USA) in quadruplicate under 60% humidity. The printed microarrays were further chemically covalently coupled under 60% humidity overnight. Before hybridization, printed microarrays were quenched by quenching buffer (0.1 M Tris-HCl/50 mM ethanolamine, pH 8.0).
Small RNA was labeled in a TdT-tailing reaction: 2 ml of 10 Â TdT buffer, 10 ml isolated small RNA, 2 ml of 2.5 mM CoCl 2 , 1 ml of 1 mM dCTP, 1 ml of 0.2 mM Cy5-dCTP (Perkin-Elmer, Massachusetts, USA), 0.5 U terminal transferase, and RNase-free water to a final volume of 20 ml. Labeling reaction was performed at 378C for indicated time. The reaction was stopped by adding ethylenediaminetetraacetic acid to the final concentration of 5 mM. Labeled RNA was precipitated by 2.5 volumes of ethanol and 10 mg/ml linear acrylamide (Ambion) and was resuspended in 10 ml of RNase-free water. The labeled RNA was combined with equal volume of 2Â hybridization buffer (8 Â SSC/0.2% SDS, pH 7.0). The mixture was applied to the hybridization chamber. Hybridization was carried out at 488C for 16 h. After hybridization, slides were washed (2 Â SSC/0.03% SDS, 2 min; 0.2 Â SSC, 2 min; 0.1 Â SSC, 1 min) at room temperature. The slides were scanned with ScanArray 5000 (Perkin-Elmer) with a scan resolution of 5 mm. Images were quantified by QuantArray (Perkin-Elmer) using the fixed circle quantification methods. Signal intensities of spots were calculated by subtracting local background from total intensities.
Real-time PCR
Total RNA (200 ng) was denatured at 658C for 5 min and then polyadenylation and reverse transcript reaction were performed by NCode miRNA first-strand cDNA synthesis kit (Invitrogen) according to the user manual. The cDNA was used for both miRNA and 18S rRNA quantification. Real-time PCR was performed by SYBR Green PCR Master Mix (ABI, Foster, USA) on Applied Biosystems 7500 fast real-time PCR system (Applied Biosystems). The miRNA expression profile in each cell line was determined by the 2DCt relative to 18S rRNA. For estimating the different expression of miRNAs among these three cell lines, all the Ct values were normalized by using 18S rRNA as internal control across these cell lines. The miRNA expression in DU145 was used as standard. The relative miRNA expression in PC-3 and LnCap was calculated by using the 2 -DDCt method. The primers used in this study were listed in Table 2 .
Results
To test the possibility of labeling miRNA by TdT, we screened the catalytic activity by adding various nucleotides to the 3 0 -end of RNA molecules. Synthetic RNA was used as receptors of the tailing reaction (Fig. 1) . TdT could incorporate various nucleotides at the 3 0 -end of RNA. As shown in Fig. 1 , TdT showed much superior performance on pyrimidine deoxynucleotides than on purine deoxynucleotides in a tailing reaction on RNA. It can incorporate 50-100 dCTP and dTTP bases on the synthetic RNA in a 20-min tailing reaction. Nearly all RNA molecules were well tailed when using dCTP, and only about two-thirds of RNA molecules were tailed when using dTTP. TdT added a much shorter tail when using dGTP and only showed negligible effect on dATP. Owing to the high activity of TdT on tailing with dCTP, we routinely used dCTP in subsequent experiment. TdT also showed very low activity on ribonucleotides. For a comparison, we also tested the tailing activity of RNA PAP using these nucleotides. As expected, PAP showed good performance on rATP and only a little activity on rGTP. The tailing activity of TdT and PAP on RNAs is similar in our condition.
To further confirm the potential bias of labeling RNAs bearing different 3 0 -end ribonucleotides by TdT, four synthetic RNAs were fluorescence labeled and were subject to hybridize with a probe, which was complementary to the consensus sequences of these synthetic RNAs [ Fig. 2(A) ]. As shown in Fig. 2(B) , these synthetic RNAs showed similar signal intensities, which indicated that there was no significant labeling bias on RNAs bearing different 3 0 -end ribonucleotides by TdT. Therefore, our result demonstrated that TdT could be used to label the 3 0 -end of RNAs. Next, the microarray detection sensitivity was determined based on our new labeling method. Four tailing reaction times were tested. The signal intensities were increased with the prolongation of the tailing time from 5 to 20 min (Fig. 3) . When tailing for up to 30 min, only a little enhancement of the signal intensity was achieved (Fig. 3) . Therefore, we routinely labeled RNAs by TdT for 20 min. The small synthetic RNAs (0.04-5 fmol) were labeled and were hybridized to the probe. As little as 0.04 fmol RNAs can be detected after labeled by TdT (Fig. 3) . The sensitivity was much higher than our previous PCR-labeled method [25] and most of others' methods.
In our previous studies, the microarray hybridization was performed with labeled DNA targets and spotted DNA probes [25] . In this study, the hybridization was carried out with the labeled RNA targets and the spotted DNA probes, which allowed us to set a higher hybridization temperature (548C) to get more specific hybridization performance. Let-7 family members were synthesized and were used to assay the hybridization specificity on microarray. As shown in Fig. 4(B) , only let-7a and let-7c showed a little cross-hybridization ( 20%). The two members have the most similar sequences in let-7 family [ Fig. 4(A) ]. The different nucleotides located at the ends but not at the middle of their sequences, which resulted in an unavoidable crosshybridization to a certain extent. This result is consistent with the results of our previous studies [25] .
To validate the accuracy and reliability of our novel microarray method, we profiled miRNAs from three prostate cancer cell lines (DU145, PC-3, and LnCap). Small RNAs were labeled by TdT and hybridized to a sample array, which contain a set of probes to 14 cancer-related miRNAs ( Table 1) . As there was no suitable normalization reference in the sample array, we first quantified these . Therefore, the miR-17-5p level was used as normalization reference among these three cell lines for the sample array. After normalization, the microarray results were plotted in Fig. 5(B) . Analysis of the relative differential miRNA expression of the 14 cancer-related miRNAs showed a good correlation between the two independent detection methods, indicating that the novel microarray method had excellent accuracy and reliability in detecting miRNA.
Discussion
TdT is well known for its ability to add deoxynucleotides to the 3 0 -end of DNA without template and is routinely used to label DNA molecules by incorporating of radioactivelabeled or modified nucleotides (e.g. fluorescein-, biotin-, and aminoallyl-labeled nucleotides). However, TdT also has catalytic activity on RNA receptors. TdT shows variable performance, which depends on the tertiary structure of receptor (DNA or RNA) 3 0 -end and has no receptor sequence dependence. miRNA is a kind of small RNAs with size of 22 nt and has no complex tertiary structure. This intrinsic simple structure allows miRNAs to be suitable receptors and be well labeled by TdT. Our data also confirmed that the 3 0 -end nucleotides of RNA receptors have no significant effect on 3 0 -end labeling by TdT. Therefore, TdT has little labeling bias on miRNA.
Under our reaction condition, only the end-point products but not intermediate products, which bear one or two added deoxynucleotides, were observed when tailing using deoxynucleotides. This suggested that the addition of the first deoxynucleotide by TdT was the rate-limiting step in a tailing reaction on RNA receptors. Once the first deoxynucleotide was added onto the 3 0 -end of RNA molecule, the resultant DNA-RNA hybrid molecule would be recognized as a suitable receptor for further addition of more deoxynucleotides. This also means that the labeling efficiency should be homogeneous for all miRNAs as the ratelimiting step was overcome.
According to the length of tails added to miRNAs, it was expected that at least 5-10 dye molecules were labeled per RNA molecule. The more dye molecules labeled, the higher the detection sensitivity. In our study, as little as 0.04 fmol of RNA could be detected at a signal intensity of 697. Our method showed significant superior sensitivity than previously published methods. A similar 3 0 -end-tailing-labeling method was performed by PAP, which could detect 0.14 fmol of RNA. In their method, PAP incorporated polynucleotide tails of 20 -50 nt long to miRNAs [20] , which is much shorter than the tails appended by our TdT method. We concluded that a longer tailing activity by TdT maybe one of the factors that increased the detection sensitivity in our method. In addition, they incorporated amine-modified nucleotide (aaUTP), and tailed miRNAs can subsequently be labeled with any mono-reactive NHS-ester dyes [20] . In our method, Cy5-dCTP was directly incorporated by TdT due to its high compatibility for modified deoxynucleotides. This improvement simplified the labeling procedure and made the labeling method more reproducible. Finally, the much lower price of TdT than PAP reduced the labeling cost largely.
